In spraying systems, nozzles break the liquid into droplets and form the spray pattern. Nozzles determine the application volume at a given operating pressure, travel speed, and spacing. Selecting nozzles that produce the largest droplet size, while providing adequate coverage at the intended application rate and pressure, can minimize drift.
. Cutting droplet diameter size in half results in eight times the number of droplets.
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Designs to reduce drift include turbo, flood, "raindrop," and air-induction nozzles. Some fan nozzles combine several of these design elements. Fan nozzles that produce very large droplets at all pressure ranges include TeeJet's Turbo TeeJet Induction, Turbo FloodJet, and TurfJet.
The standard flat-fan nozzle normally operates between 30 pounds per square inch (psi) and 60 psi, with an ideal range of 30-40 psi. The even flat-fan nozzles apply uniform coverage across the entire width of the nozzle's spray pattern. They are used for banding and should not be used for broadcast applications. The bandwidth can be controlled with the nozzle-release height and the spray angle.
The extended-range flat-fan nozzle provides fair drift control when operated at less than 30 psi. This nozzle is ideal for an applicator who likes the uniform distribution of a flat-fan nozzle and wants lower operating pressures for drift control. Because extended-range nozzles have an excellent spray distribution over a wide range of pressures (15-60 psi), they can be used on sprayers equipped with flow controllers.
The special-feature fan nozzles, such as the off-center fan, are used for boom-end nozzles so the swath is uniform end-to-end vs. tapered at the edges. The twinorifice fan produces two spray patterns: one angled 30 degrees forward and the other directed 30 degrees backward (Figure 2 ). The droplets are small due to the atomizing by two smaller orifices. The two spray directions and smaller droplets improve coverage and penetration-a plus when applying post-emergence contact herbicides, insecticides, and fungicides. Because of Figure 2 . Relative droplet size for nozzles shown in patterns.
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Fan nozzles are available in several spray angles. The most common spray angles are 65 degrees, 80 degrees, and 110 degrees. Recommended nozzle heights for flat-fan nozzles during broadcast application are given in Table 1 . The correct nozzle height is measured from the nozzle to the target, which may be the top of the ground, growing canopy, or stubble. Use 110-degree nozzles when booms are less than 30 inches high with 30-inch nozzle spacing; use 80-degree nozzles when the booms are higher.
Although wide-angle nozzles produce smaller droplets, the lower boom height reduces the drift potential more than the corresponding decrease in droplet size. The nozzle spacing and orientation should provide for 100 percent overlap at the target height. Most fan nozzles should not be oriented more than 30 degrees back from vertical.
TeeJet identifies its flat-fan nozzles with a four-or fivedigit number designation. The first numbers are the spray angle and the other numbers signify the discharge rate at rated pressure. For example, the "8005 nozzle" has an 80-degree spray angle and will apply 0.5 gallons per minute (GPM) at the rated pressure of 40 psi. The "11002 nozzle" has a 110-degree spray angle and applies 0.2 GPM at the rated pressure of 40 psi. Additional designations are: BR = brass material SS = stainless steel HS = hardened stainless steel VP = polymer with color coding VK = ceramic with color coding VH = hardened stainless steel with color coding VS = stainless steel with color coding Some fan nozzles are identified by "LF" or "LF-R," which reflects the standard and extended-range fan nozzles. The first numbers are the spray angle followed by a dash, and then the discharge rate at rated pressure. For example, an LF 80-5R is an extended-range nozzle with an 80-degree spray angle that will apply 0.5 GPM at the rated pressure of 40 psi.
The drift-reducing (DG) fan has a pre-orifice that controls the flow. The spray nozzle is approximately one orifice-size larger than normal, but a round orifice before the outlet controls the flow and, therefore, it produces larger droplets and reduces the number of small, drift-prone droplets.
Other Fan Designs
The turbulence-chamber nozzle is a design that incorporates a pre-orifice concept with an internal-turbulence chamber. These design improvements have resulted in larger, less driftable droplets and improved spray-pattern uniformity. Turbulence-chamber nozzles are available in flat-fan and flood-nozzle designs.
The Turbo TeeJet (TT) and the Turbo TeeJet Induction (TTI) have the widest pressure ranges of the fan nozzles: 15-90 psi for the TT, and 15-100 psi for the TTI. Both nozzles produce large droplets for less drift and are available only in 110-degree spray angles.The Turbo flat-fan nozzle design develops an improved spray pattern compared to the extended-range flat fan and other drift-reducing flat-fan nozzles and is used in the application of postemergence products. Position the nozzle so that the preset spray angle is directed away from the direction of travel. The Turbo flat-fan nozzle is recommended for use with electronic spray controllers, where speed and pressure changes occur regularly.
The air-induction type nozzle produces large drops through the use of a venturi air aspirator for reducing drift. These include:
• Delavan AgSpray's Raindrop Ultra By incorporating air into the solution, an air-fluid mixture is produced. The air-fluid mixture forms a larger spray droplet because air is entrapped in the spray solution within the nozzle. To accomplish the mixing, an inlet port and venturi are typically used to draw the air into the nozzle under reduced pressure.
Special calibration requirements may be necessary for some venturi nozzles. For example, Greenleaf Technologies-designer of the TurboDrop venturi two-piece nozzle-requires the exit orifice to be two times the size of the venturi orifice. Otherwise, the exit orifice may create a negative pressure-effect in the venturi area, resulting in failure of the nozzle to create the proper spray quality (actually reversing flow from the air inlets). Therefore, you will need to select and calibrate these nozzles based on the venturi orifice, which is color-coded to meet manufacturing specifications. A chart for this purpose is available from the manufacturer.
Flood Nozzles
Flood nozzles are popular for applying suspension fertilizers where clogging is a potential problem. These nozzles produce large droplets at pressures of 10 psi to 25 psi. The nozzles should be spaced closer than 60 inches apart. The nozzle spacing, orientation, and release height should be set for 100 percent overlap.
Nozzle spacing of 30 inches to 40 inches produces the best spray patterns. Pressure influences the spray patterns of flood nozzles more than fan nozzles. However, the spray pattern is not as uniform as with the fan nozzles and special attention to nozzle orientation and correct overlap is critical. Besides fertilizer suspensions, these nozzles are used with soil-incorporated herbicides, preemergence without contact herbicides, and with spray kits mounted on tillage implements.
Flood nozzles are designated "TK" or "TF" by TeeJet and "D" by Delavan AgSpray. The value following the letters is the flow rate divided by 10 at a rated pressure of 10 psi. For example, TK-SS2 and D-2 are flood nozzles that apply 0.2 GPM at 10 psi.
The new Turbo flood nozzles (with preorifice and turbulence chambers) have excellent spray patterns and combine the precision and uniformity of extendedrange flat-fan spray nozzles with the plugging resistance and wide-angle pattern of flooding nozzles. The design results in larger droplets and improved distribution uniformity. Turbulence in the chamber portion of the spray nozzle lowers exit pressure, reducing the formation of driftable droplets. Orifice design improves pattern uniformity over older-style flooding nozzles. Turbo flood nozzles are recommended for soil applications, particularly when applying tank-mix combinations of fertilizers and herbicides.
TurfJet Nozzles
The TurfJet is a new nozzle designed for the turf industry. It is modeled after the Turbo flood nozzle, which is used for agricultural field crops. The major difference is that the TurfJet nozzle incorporates a larger orifice to accommodate heavier application volumes, which are common in the turf industry.
Hollow-Cone Nozzles
Hollow-cone nozzles (Figure 2 ) are generally used to apply insecticides or fungicides to field crops when foliage penetration and complete coverage of leaf surfaces are required. These nozzles operate at pressures ranging from 40 psi to 100 psi. Spray-drift potential is higher from hollow-cone nozzles than from other nozzles due to the small droplets produced.
Full-Cone Nozzles
The wide-angle, full-cone nozzles produce large droplets. Full-cone nozzles, which are recommended for soil-incorporated herbicides, operate at pressures between 15 psi and 40 psi. Optimum uniformity is achieved by angling the nozzles 30 degrees and overlapping the spray coverage by 100 percent.
Nozzle Materials
Nozzles are made from several materials. The most common are brass, nylon, stainless steel, hardened stainless steel, tungsten carbide, thermoplastic, and ceramic. Ceramic and tungsten-carbide nozzles are very longwearing and extremely corrosion-resistant. Stainless-steel nozzles last longer than brass or nylon and generally produce a uniform pattern over an extended time period. Nylon nozzles with stainless steel or hardened stainless-steel inserts offer an alternative to solid stainless-steel nozzles at a reduced cost. Thermoplastic nozzles have good abrasion resistance, but swelling can occur with some chemicals, and they are easily damaged when cleaned. Nozzles made from hard materials cost more initially, but in the end they pay for themselves because of their long-lasting properties.
Nozzle Influence on Droplet Size
Spray-drop size is one of the most important factors affecting drift. Because of the unusually small size of the target, good coverage is essential for those insecticides and fungicides that must come into contact with the pest insect or disease-causing organism. Similarly, in the case of protectant fungicides and nonsystemic stomach poison insecticides, thorough coverage is essential, because untreated surfaces allow infection or crop damage to continue from feeding insects without exposing them to the applied control. "Fine-" to "medium-" size droplets are desirable when applying insecticides and fungicides, because they usually provide better coverage. "Fine" droplets, however, are difficult to deposit on the target, so they may remain airborne and drift long distances because of their small, lightweight size.
Spray-droplet diameters are measured in micrometers. A micrometer is approximately 1/25,000 of an inch and is usually referred to as a "micron." For reference, the thickness of a human hair is approximately 100 microns. Drops smaller than 150 microns in diameter (smaller than the diameter of a sewing thread) usually pose the most serious drift hazard. Drift is far less likely to be a problem when droplets are 200 microns and larger in size. A study indicated that spray particles less than 50 microns in diameter remain suspended in the air indefinitely or until they evaporate. This should be avoided because there is no way to control deposition of very small droplets.
A classification system developed by the British Crop Protection Council (BCPC) and the American Society of Agricultural and Biological Engineers (ASABE) assigns a droplet-size category to a nozzle based on droplet-size spectrum (Table 2 ). This system allows for comparison of droplet size between various nozzles, operating conditions (pressure), and manufacturers.
At a given pressure, a nozzle will produce a range of droplet sizes. However, manufacturers strive to design nozzles with uniform outputs while reducing the number of "fines" a nozzle produces. Nozzles are rated based on the typical droplet-size range they produce. Most-if not all-nozzle manufacturers' catalogs have droplet-class charts, and pesticide labels may include droplet-size category recommendations. Table 3 provides information on the effect of droplet size on coverage. Table 4 provides information on droplet evaporation and the distance various drop sizes will travel before evaporating. Table 5 shows windmovement characteristics of various size droplets. Decreasing the droplet size from 200 microns to 20 microns will increase coverage by a 10-fold factor, but Table 4 shows that a 20-micron water drop will travel less than one inch before it completely evaporates in less than one second.
Droplets smaller than 100 microns in size obtain a horizontal trajectory in a very short time and evaporate very rapidly. The pesticides in these droplets become very small aerosols, which will move up into the atmosphere and will not fall out until picked up in falling rain. Droplets larger than 150 microns in size resist evaporation to a much greater degree than smaller Several factors determine if a spray particle will deposit on the surface of a plant. "Very fine" droplets (especially those smaller than 50 microns) are collected efficiently by insects or by needles on coniferous plants, but tend to remain in the airstream and carried around stems and leaves of weeds. "Medium" droplets applied when there is some air velocity will deposit more efficiently on stems and on narrow, vertical leaves such as grasses, while "coarse" droplets will deposit most efficiently on large, flat surfaces, such as broadleaved plants.
Be sure to review the pesticide label regarding dropletsize requirements because of the reduced coverage associated with large drops. Usually, systemic herbicides work very well with large drops. When applying contact-type fungicides for disease control, a smaller drop may be needed due to the need for better coverage. The same is true for stomach-poison insecticides and insecticides that must come into contact with the pest.
A Range of Sizes
In reality, a range of droplet sizes is needed to effectively deposit pesticides on the variety of plant types, sizes, and shapes encountered. The following describes how different droplet sizes vary in their effectiveness.
To control pests effectively, the actual range of droplet sizes will depend on the specific pesticide being used, the kind and size of the target plant, and weather conditions. Some new nozzles are specifically designed to reduce drift by reducing the amount of small, driftable "fines" in the spray pattern.
Insecticides and fungicides generally require smaller droplets than herbicide applications to obtain adequate target coverage. However, in most cases, applying "medium" droplets (vs. "fine" or "very fine") should provide the coverage needed while reducing the risk of drift.
Experimental results with foliar herbicides suggest that droplet sizes in the range of 150 microns ("fine") to 400 microns ("coarse") do not significantly differ in weed control unless application volumes are extremely high or very low. Exceptions to this guideline may exist for specific herbicides.
Droplet-Size Classification
Droplet-size information is useful for determining the correct nozzle for an application and pesticide (see Droplet Chart / Selection Guide, Virginia Cooperative Extension publication 442-031). However, this information is not always readily available to the applicator. Instead, a classification system is used to define nozzle output (Table 2) . Nozzle manufacturers use this standardized system to indicate the droplet size of their nozzles for different size and pressure combinations.
Product labels may specify an appropriate droplet classification recommended for the manufacturer's products. For example, an herbicide label recommends using a nozzle producing "medium" size droplets. From a sample nozzle-manufacturer's chart (Table 6) , the applicator can select any nozzle and pressure combination with the "M" or yellow classification. This system allows the applicator to use many different combinations of nozzles and pressure settings, achieve the desired droplet size, reduce drift, and provide adequate coverage required for pest control. 
Spray Volume and Pressure for Foliar Herbicides
Some applicators are reducing the spray volume of foliar herbicides. When you reduce spray volume, the herbicide concentration will increase to maintain the same dose of active ingredient. But as spray volume is reduced, the droplet size may decrease, and if so, this means greater drift potential. Research has also shown that control of some broadleaf weeds with contact herbicides is usually reduced when the spray volume is reduced. However, reduced spray volumes have little effect on weed control with most systemic herbicides, as long as the chemical is applied properly at the recommended rate.
To compensate for the reduced spray volume, some applicators will increase spray pressure from 30-40 psi to 50-60 psi. They believe small droplets will be "driven" into the crop canopy and increase coverage. However, a large number of small droplets will quickly lose their velocity and evaporate before reaching the canopy (as shown in Table 4 ).
In addition, small droplets have low momentum and insufficient energy to be "driven" into the canopy. Therefore, increasing pressure should not be used as a substitute for spray volume. It is recommended to maintain pressures less than 40 psi, and if you need coverage, increase spray volume.
Boom Sprayer Set-up
Do not mix nozzles of different materials, types, spray angles, or spray volumes on the same spray boom. A mixture of nozzles produces uneven spray distribution. Fan nozzles produce a flat, oval spray pattern with tapered edges (Figure 2 ). Because the outer edges of the spray patterns of flat-fan nozzles have tapered or reduced volumes, nozzles must be carefully aligned to prevent interference, and at the proper height, so that adjacent patterns along the boom will overlap for uniform coverage. Uniform pattern is achieved when the overlap is 50 percent to 100 percent of the nozzle spacing (Figures 3 and 4) . To check spray overlap, spray clean water onto a flat surface (concrete) and observe its drying patterns. Effective application requires avoiding skips and major overlaps in the spray pattern. The fan nozzle is generally the best choice for the broadcast application of pesticides because of its ability to produce a uniform pattern when correctly overlapped. Worn nozzles increase application rates and change distribution patterns. The result is poor pest control, crop damage, residue problems, and increased costs. A check of the boom sprayer assures that each nozzle is delivering an identical volume of spray in a smooth 
Nozzle Selection
It is important to select a nozzle that develops the desired spray pattern and spray volume. The nozzle's intended use-whether for broadcast application of herbicides or insecticide spraying on row crops-determines the type of nozzle needed. Examine current and future application requirements and be prepared to have several sets of nozzles for a variety of application needs. In general, do not select a nozzle that requires a nozzle screen less than 50 mesh. Nozzles requiring 80-100 mesh screens clog too easily.
Follow the steps below to determine the correct nozzle type and capacity needed.
Step 1: Consult the label. The most important source of information is the pesticide label. Not only will the label specify the application rates, controllable pests, and conditions needed to apply the pesticide, it often will provide information concerning the GPA, droplet classification, nozzle type, and spacing as well. Follow the instructions outlined on the pesticide label. If nozzle recommendations are not stated on the label, use Table 7 to select a nozzle type best fitted to the application while considering the droplet size.
Step 2: Select operating conditions. Select or measure ground speed in miles per hour (mph). Select the desired nozzle spacing and spray volume. For most broadcast applications, 30-inch spacing is preferred. If the label does not recommend nozzle spacing or spray volume, follow university and chemical-company recommendations. Correct selection of a spray volume is important. It will influence several spray characteristics such as drift potential, coverage, droplet size, acres per tank, and pesticide efficacy.
Step 3: Calculate required nozzle discharge. To select a specific orifice size, the spray volume, nozzle spacing, and travel speed are needed for the following calculation:
Nozzle discharge (GPM) = (travel speed x nozzle spacing x spray volume) 5940
where: travel speed = miles per hour nozzle spacing = inches spray volume = gallons per acre (GPA)
Step 4: Consult a nozzle catalog. Once the nozzle discharge has been determined, consult a nozzle catalog for a specific nozzle number or size. Using the nozzle type selected from the application guide (Table 7) , review the specification of these nozzles in the discharge-capacity column. Several consecutive nozzles may meet your needs, but select a nozzle that operates at a low pressure and gives the desired droplet classification that allows a range for "fine-tuning." Remember, most nozzles only perform well over a limited pressure range. Generally, the greater the operating pressure, the smaller the droplets. Smaller droplets increase drift potential. Conversely, larger orifices produce larger droplets.
A linear relationship does not exist between nozzle pressure and flow discharge. If the discharge rate is not found in the catalogs, calculate the operating pressure using known catalog conditions: 
Nozzle Selection and Sizing Example
Suppose a postemergence herbicide is to be broadcast at 15 GPA at a speed of 5 mph.
Step 1: Using Table 7 as a guide, the best choice is a Turbo TeeJet. The recommended nozzle spacing is 30 inches.
Step 2: The operating conditions are provided above.
Step 3: Determine the nozzle output in GPM; calculate the required nozzle discharge using Equation 1: Nozzle Discharge = 5 mph X 30 inches X 15 GPA = 0.38 GPM (GPM) 5940
Step 4: Consult a nozzle catalog. The selected nozzle must have a flow discharge of 0.38 GPM when operated within the recommended range for the nozzle.
A nozzle-performance table shows the discharge rate at various pressures for several nozzle sizes. Table 9 shows that four nozzles listed in the catalog are possible choices: TT11003, TT11004, TT11005, or TT11006 nozzles may be purchased for this application, but the TT11004 gives the most flexibility with a wide pressure range for fine-tuning. 
